A linear design system, already in use for the forward and inverse design of three-dimensional turbine aerofoils, has been extended for the design of their end walls. This paper shows how this method has been applied to the design of a non-rocisynunetric end wall for a turbine rotor blade in linear rqsrede. The calculations show that non-axisymmetric end wall profiling is a powerful tool for reducing secondary flows, in particular the secondary kinetic energy and exit angle deviations. Simple end wall profiling is shown to be at least as beneficial aerodynamically as the now standard techniques of differentially skewing aerofoil sections up the span, and (compound) leaning of the aerofoil. A design is presented which combines a number of end wall features aimed at reducing secondary loss and flow deviation. The experimental study of this geometry, aimed at validating the design method, is the subject of the second part of this paper.
INTRODUCTION
The turbine designer is always trying to improve the aerodynamic performance of turbine blading, either by increasing the efficiency at a given aerodynamic duty, or trying to maintain efficiency levels at higher duties (higher stage loading or stage work).
A major source of loss of efficiency in a turbine is secondary loss, whose importance relative to other sources, such as profile loss, increases as the aerodynamic duty increases or aspect ratio decreases. Inside a turbomachine blade row a number of vortical flow features will be present, which are collectively known as the secondary flows. A comprehensive review of these is given in Sieverding (1985) . Their loss arises in part from dissipation of their kinetic energy of rotation, little of which is recovered in subsequent blade rows. This paper shows how non-ardsymmetric end wall profiling can reduce these secondary flows. A design of end wall is presented for the large scale, low speed rotor profile in the linear riKrede at Dattani University. This is calculated to reduce the secondary kinetic energy, exit angle deviations and (to a small extent) the secondary loss.
The Durham caws e has already been the subject of a study of end wall profiling by Hartland et al. (1998) . This study was aimed at controlling the end wall static pressure field at the platform trailing edge, rather than the secondary flows, as a means of reducing turbine disc coolant leakage flow -as proposed by Rose (1994) . Details of this cascade are given in Hartland et al. (1998) and the second part of this paper. The aerofoil is representative of a modern HP turbine rotor profile and runs at an exit Reynolds number of about 400,000. 
Overview of Previous Work
A number of researchers have investigated end wall profiling in the past, as a means of reducing secondary flows and losses.
A large part of this work has been on axisynunetric profiles applied to HP NGVs, based on the findings of Deich et at (1960) , and most of this has resulted in a small reduction in secondary loss and an increase in overall performance. The majority of researchers have attributed this to a redistribution of pressure and hence loading near the end wall of the blade although some, Ewen (1973) and Boletis (1985) , attributed the gain to improved flow at inlet to the rotor downstream of the NGV. In cases where detailed internal measurements were made within cascades, the main decrease in loss has been adjacent to the unprofiled wall with some results, Kopper & Milano (1980) , Boletis (1985) , Atkins (1987) and Dossena et al. (1998) , showing an increase in loss near the profiled end wall. The end wall geometries of these four sets of researchers all incorporated a strong contraction of the passage (often known as a "Russian kink"), and the additional increase in velocity ratio through the passage contributes in part to the performance improvements, especially those seen near the unprofiled wall. Most results show that adverse effects downstream of the profiled wall cancel out any positive effects local to it -whilst not significantly affecting the benefits arising at the =profiled wall. Moustapha & Williamson (1985) studied two styles of axisymmetric end wall with the same overall passage contraction. They found that a sharp, late contraction of the NGV passage at the casing gave lower turbine losses than an even, linear contraction through the passage. This is a different result to that of Haas & Boyle (1984) who found that two such geometries gave the same performance improvement in stage efficiency (0.7%) for their highly loaded, low aspect ratio turbine. Not all studies of such end wall profiling have been positive - Arts (1985) in a study of a sharp contraction came to no definite conclusion about its benefits.
Most recently, Schnaus & Fottner (1997) and Duden et al. (1998) , applied an axisymmetric profile to the inclined end wall of a rotor blade in linear cascade. Unlike much previous work the inlet-to-exit passage area ratio was not changed by the profiling. On its own the profiling resulted in a small reduction in exit flow angle deviations and no change in loss. When combined with compound leaning and thickening of the aerofoil near the end wall, there was a significant reduction in secondary loss. This was counterbalanced by higher profile losses unfortunately, but there was a still significant reduction in the exit angle deviations.
Only three previous researchers, Morris & Hoare (1975) , Atkins (1987) and Rose (1994) , have attempted to use three dimensional profiles. The profile of Rose (1994) has been shown to achieve significant control of end wall static pressure distributions - Hartland et al. (1998) . Atkins tried two non-axisymmetric profiles, both based on a bump adjacent to one blade surface reducing to no profile near the opposite surface. The intention was to reduce the maximum or minimum pressure on the relevant blade surface. Both profiles resulted in an overall increase in losses due to adverse effects on the flow near the profiled end wall causing separation and strong twisting of the blade wake. Morris and Hoare (1975) used the same profile as their axisymmetric case, but with the profile following and perpendicular to the mid-passage streamline. The loss decrease at the unprofiled wall was found to be greater than in the axisynunetic case, but these advantages were cancelled by the adverse effects close to the profiled wall and very strong twisting of the blade wake.
TURBINE SECONDARY FLOWS
The origin and development of turbine passage secondary flows is now well understood -see Sieverding (1985) . Figure 1 shows a diagrammatic representation of turbine end wall secondary flows taken from Takeishi et al. (1989) . The principal features are: a) Rolling up of the inlet boundary layer into the horseshoe vortex at the aerofoil leading edge. The pressure surface side leg of this becomes the core of the passage vortex. The passage vortex is the dominant part of the secondary flow and beneath it on the end wall a new boundary layer is formed, referred to as cross-flow "B" in figure 1, which starts in the pressure side end wall corner. b) Upstream of this the inlet boundary layer is deflected across the passage (over turned), referred to as cross-flow "A". The end wall separation line marks the furthest penetration of the bottom of the inlet boundary layer into the pa %sage and divides it from the new boundary layer forming downstream of it c) The new end wall boundary layer, cross-flow "B", carries up onto the aerofoil suction surface until it separates (along the aerofoil "separation line") and feeds into the passage vortex. The suction side leg of the horseshoe vortex, referred to as the counter vortex in figure 1, remains above the passage vortex and moves away from the end wall as the passage vortex grows. d) A small corner vortex may occur in the suction surface/ end wall corner rotating in the opposite sense to the passage vortex. This has the effect of opposing the over turning at the end wall, although at the cost of additional loss.
In addition to being a loss source in their own right, these secondary flows have a further deleterious effect Their vortical motion causes the exit angles of the flow to depart from their nominal (2-D) design values. Typically a passage vortex will cause an increase in the exit angle at the end wall (over turning) with a compensatory Suction in angle away from the wall (under turning). These secondary flow deviations cause positive or negative incidence locally at inlet to the next blade row and thus reduce its efficiency.
DESIGN METHODOLOGY
From this model, it can be seen that it is the cross-passage pressure gradient and its action on the incoming end wall boundary layer that most often gives rise to secondary flow in turbomachinery blade rows. Thus the primary design methodology adopted here has been to reduce this pressure gradient, in particular where the over turning (of the inlet boundary layer) is strongest
In his profiled end wall design, Rost (1994) laid out the basic principles of controlling the local static pressures by means of streamline curvature. These are straightforward -convex wall curvature locally accelerates the flow relative to the datum and thus reduces the static pressure while concave curvature causes a (relative) diffusion, raising the static pressure. The results of Hartland et al. (1998) have validated this approach, and also the CFD tools used to predict the static pressure field in the design process.
To apply this design methodology, some means of systematically investigating the design space was needed -as recommended by Atkins (1987) . An accurate predictor of the flow field: static pressures, flow angles and (ideally) losses, was required and also the means of defining and verifying design options in a realistic timescale. These are discussed in the next sections. Shahpar and Lapworth (1998) and Shahpar et al. (1999) describe a forward and inverse three-dimensional linear design system for turbomachinery aerofoils. The elements of this approach are: a) Generate a systematic set of perturbations to the aerofoil geometry at up to seven sections. The design parameters were defined by Rose & Taylor (1997) to be: skew, re-camber, re-stagger and scale and translation in the axial and circumferential directions. b) Compute the (viscous) flow field for all these perturbations. c) Construct a linear sensitivity matrix using numerical differentiation. d) Use the theory of (linear) superposition to constmct new geometries and flow fields. e) Apply inverse design through matrix inversion and quasi-Newton techniques, to generate aerofoil shapes to satisfy chosen design criteria, such as minimising secondary flow deviation or loss.
LINEAR DESIGN SYSTEM
This method has now been extended for the design of nonarcisynirnetric end walls. However, there are no standard geometric parameters, such as skew or re-camber for the aerofoil, by which to define the end wall shape. A novel approach has been adopted where the perturbation to the axisynunetric end wall surface is created by the product of two curves in axial and circumferential directions. Since the static pressure field is sensitive to the curvature of the end wall, the axial profile of the perturbation is defined by a B-spline curvethrough 6 control points. A B-spline was chosen because its response to a change in a control point is more local than other parametric curves. The six control points can be specified in the domain rather than at the grid inlet or exit locations. In this case the end-points are clamped, to achieve local tudsymmetry.
The first three terms in the Fourier series are used to produce the perturbations in the circumferential direction:
where p is the blade pitch, a, and b, are related to the amplitudes and phase of each harmonic, and C is a normalising coefficient Since all the perturbation terms are summed linearly the sine and cosine functions are treated as individual perturbations. Therefore 6 are created at each control point, a total of 36 perturbations for each wall. This has many advantages. Firstly the circumferential area of the passage remains constant This helps limit throat area errors, important for compressible flows. Also, since the pressure field in a blade row is often of a sinusoidal form it is useful to have a general definition using sine and cosine functions. Thirdly, the summation of the first three terms in the Fourier series are generally enough to allow almost any shape to be generated.
A viscous calculation has to be performed for each perturbed geometry -36 in total. This is achieved overnight on a cluster of workstations. Run times are kept down by taking the solution for the datum case as the starting flow field for each calculation.
Since a body fitted grid co-ordinate system is used here the Fourier curves must be interpolated onto the computational mesh rather than being mapped directly. The mesh is perturbed at each radial plane to accommodate the end wall profiling, linearly reducing the amplitude of the waves from the wall to the grid mid-height Figure 2 shows a complex end wall shape, and some details of the grid, to illustrate the flexibility of this method. In this case the profiling at grid exit has been chosen to demonstrate a i d order perturbation.
Figure 2. Example of Perturbed End Wall and Calculation Grid

CALCULATION METHOD
The computational method was a standard turbomachinery cm code used within Rolls-Royce. The code is a steady flow solver using a pressure correction method based on the algorithm of Moore (1985) . The important feature of this algorithm is the use of upwinded control volumes for the momentum and rothalpy equations, thus allowing the (1 ) 3 equations to be discretised with second order accuracy without the need to introduce smoothing to achieve numerical stability. A minimum of numerical mixing is essential for a code which is to be used for estimating aerodynamic losses. The iterative method used is based on the SIMPLER pressure correction scheme. The calculations use a structured "letter-box" type of body fitted H-grid which enables accurate representation of the full blade shape. Previous work has shown the capability of this numerical method for the prediction of turbomachinery aerodynamics, e.g. Moore and Gregory-Smith (1996) and Robinson and Northall (1989) .
The grid was Cartesian with 89 axial and 39 tangential points and 29 spanwise planes from the end wall to mid-height where a plane of symmetry was specified. Examples of the grid are shown in figures 5, 6, 7 and 9.
Measured inlet total pressure and velocity profiles were specified. An adiabatic wall condition was used with fully turbulent boundary layers on the end walls and aerofoil. The exit condition was a circumferentially averaged static pressure profile one axial chord downstream, interpolated between the measured end wall values assuming radial equilibrium. Acceptable convergence was achieved when the residuals in all 3 velocity components and the static pressure had fallen by at least two orders of magnitude from their initial values. This was typically achieved after 150 iterations.
An algebraic mixing length model is used, based on Prandtls formulation for the length scale within a shear layer, together with a wall function which is valid for y values up to 100 and above. More details are given in Moore and Gregory-Smith (1996) and Harvey et al. (1998) .
DESIGN STUDY
As discussed previously the linear design method generates perturbations at six axial locations on the end wall. The ones chosen are shown in figure 4 (stations Ito 6), aimed at providing an even spread of perturbations over the end wall. Although harmonics up to 3°I order are available in the method, in practice only 1° harmonic options were investigated in the design. At the time, only a forward mode was available and the shapes, and flows, produced by using 2°4 and 3'd order harmonics were too complex to work with.
The design study focused on controlling the surface static pressures and improving the exit whirl angle distribution (reducing the secondary flow deviations). This was because there was most confidence in the ability of the CFI) code to predict these two parameters, more so than the loss. It was also noted that in the design of modern turbines one approach is to reduce secondary flow deviations, and improve the flow into the next blade row, rather than reduce loss directly. Two such methods are compound leaning, comprehensively investigated by Harrison (1990) , and skewing blade profile sections open near the end walls to compensate for the over turning. Harrison specifically concluded that compound leaning extensively applied to turbomachinery blading today, provides no reduction in loss within the blade row it is applied to.
At the outset it was not clear what level of improvements to aim at -reducing flow deviations to zero was very likely to involve extreme end wall shapes, if possible at all. First a limit was set on the maximum radial amplitude of the end wall perturbations -at approximately 25% of axial chord. This was, generally, what could be sensibly manufactured in engine terms (without further detailed mechanical studies). In addition a brief exercise was undertaken to determine the effects of compound lean and differential blade section skewing. This was carried out on a linear rvisrade profile similar to the Durham cascade. The geometries investigated were: I. Compound lean, 20° lean from the vertical, pressure side toward the end wall, reducing to zero at 25% height ("LEAN"). 2. Profiles skewed open by 6° at the end wall, the skew angle reducing linearly to zero at 15% span from the wall. ("SKEW"). 3. Combination of (1) and (2). ("COMB").
-76 -74 -72 40 -C6 -C6 -60 -62 -CO EXIT /WE (DB2REES) Figure 3 . Calculated Exit Angles for Different Aerofoil Geometries Figure 3 compares the calculated exit angle distributions at a plane 29% axial chord downstream of the trailing edge for these geometries. Compound lean reduces the over turning at the wall by 2°. The maximum under turning of the flow (at the edge of the passage vortex farthest from the end wall) has not changed. The small change in mid-height exit angle is due to redistribution of mass flow in the blade passage. Compound lean increases the blade loading and thus the turning, at mid-height Skewing of the sections near the end wall reduces the over turning by almost 3° from a maximum of about 7°. However the under turning has increased, indicating that the radial extent of the skewing is too great and that it should be more local to the end wall.
The combined geometry significantly reduces the over turning to only 1°, with the under turning increased by about 1° (noting the increase in mid-height exit angle). Unfortunately the row efficiency is reduced by about 6% and in fact all of these geometries are calculated to increase row loss, largely due to increased wetted area.
Although more could have been done, this exercise was sufficient to set the design targets: reduce over turning at the end wall from 7° to 1° and reduce the under turning if possible.
First Profiled End Wall
The first design study focused on reducing the cross-passage pressure gradient by applying streamwise curvature in the early pan of the passage , where the inlet boundary layer is over turned . Figure 4 shows the blade and profiled end wall in plan view. Two approximate suramwise sections are indicated through it, A-A and B-B (figures 5 and 6), as well as approximate axial sections CC and D-D (figures 7 and 9 -both of which show 2 passages ). Also indicated in figure 4 are the control planes, labelled (1) to (6~ on which the perturbations were defined.
Section A-A is close to the pressure side of the passage . For the first study this was the sreamwise section with maximum convex curvature, near the aerofoil leading edge plane. (Figure 5 also shows additional curvature downstream of this, applied in the second studysee the next section.). The end wall is locally raised so that the flow over it sees a region of convex curvature , lowering the static pressure.
Section B-B is close to the suction side of the passage . For the fast study this was the streamwise section with maximum concave curvature, again in the region of the leading edge plane . The end wall is locally lowered to produce a trough such that the flow over it sees a region of concave curvature, raising the static pressure.
Each area of curvature has to blend back into the datum end wall line -by introducing curvature of the opposite sign. This is done as gently as possible to minimise any adverse effects.
Section CC shown in figure 7 is drawn through the points of maximum and minimum amplitude of sections A-A and B-B (for the first study). This shows the shape in the circumferential direction with the raised surface close to the v=um side of the nascan and the trough on the suction side. Figure 8 shows the resulting exit wh i rl angle distribution. The maximum under turning has been reduced by about 1 0 and its location has moved closer to the end wall, indicating the passage vortex is smaller. However, the over coming at the wall is almost 2 0 worse. Referring back to the model of figure 1 this is seen to be a direct result, paradoxically, of reducing the cross-passage pressure gradient. The over timing of the end wall boundary layer within the passage is delayed, less of it rolls up into the passage vortex and thus a more over turned boundary layer is seen on the end wall at the blade exit.
A further study was undertaken to mitigate this effect.
Second Profiled End Wall
The second study, with the aim of reducing the extra over turning incurred by the first design, has demonstrated the power of the linear design method For the first end wall there was a clear rationale of reducing the early cross-passage pressure gradient and local streamline curvature was applied to achieve this. For this study there was no such rationale, so a systematic investigation was undertaken of the effect of the end wall perturbations (1° harmonic only) on the over turning. It should be emphasised that by making use of the linear approach a large number of possibilities could be investigated, a matter of minutes Applying additional profiling in the aerofoil trailing edge region was found to be very effective. The resulting end wall shapes are shown in the approximate stteamwise sections A-A ( figure 5) and B-B (figure 6) together with the approximate axial section D-D (figure 9). Their locations on the end wall are shown in figure 4 .
The arrangement of the streamline curvature is the opposite of that in the first design. Convex curvature near the suction side (section B-B) further lowers the static pressure in this region while a gentle concave curvature near the pressure side (section A-A) slightly raises the pressure locally. The effect of this on the circumferentially averaged exit flow angles is shown in figure 8 . The over turning is significantly reduced and is now 3 0 less than the datum, planar end wall. The improved under turning achieved with the first design is retained. The profiling in the trailing edge region seems to have achieved this by the following mechanisms:
1. Flow is encouraged from the pressure surface side of the trailing edge over to the suction side, thereby setting up a cross-flow which opposes over tuned boundary layer.
2. An acute corner is formed between the aerofoil suction surface and the end wall which encourages the formation of a comer vortex, as described in figure 1 , which counter-rotates with the passage vortex and opposes the over turning at the wall.
This design appears to have one drawback in that the axial crosspassage pressure gradient is increased, which might be expected to enhance the over turning. However, it is the orthogonal pressure gradient that drives the over turning, specifically here that in the throat plane. This is only affected by the change in static pressure on the pressure side of the passage, which is slight. The biggest change in the end wall static pressure is on the suction side of the trailing edge which, in terms of orthogonals, is at the passage exit
DISCUSSION OF RESULTS
The profiled end wall that has resulted from the design studies, shown in perspective view in figure 15 , is calculated to achieve slightly over half the target reduction in secondary flow deviations. For the aerofoil with combined lean and skew the maximum angle variation (under-to-over turning) was reduced from 13.5° to 8.5°, see figure 3 , and was largely due to reduced over turning. For the profiled end wall the calculated reduction in maximum angle variation was from 12° to 8° (see figure 8 ) and was more evenly split between under and over turning.
Overall the row loss is calculated to be reduced by about 4%, but both this and the loss increases calculated for the skewed and leant profiles are well within the accuracy of the CFD code. Examination of the circumferentially averaged exit loss profiles, figure 10 , shows there is a reduction in loss in the region of the passage vortex and additional loss close to the wall. A further insight is provided by figure 11 which compares the circumferentially averaged profile of secondary kinetic energy (also at the 29% axial chord downstream plane) for the datum and profiled end walls. There is a general reduction in secondary kinetic energy up the span, a 40% reduction in total, which may indicate a greater potential for reducing loss than shown by the mixed out loss values. The CFD code is being used to determine the reduction in loss of the passage vortex, set against the extra loss due to the counter-rotating comer vortex at the wall -which is a difficult balance to calculate accurately.
The behaviour of the final profiled end wall design can be described in detail: I. The profiling in the leading edge region lowers the static pressure on the pressure side of the passage and raises it on the suction side. Figure 12 compares the static pressures at section C-C for the datum and final profiled end wall. There is a more pronounced effect on the suction side because the dynamic head of the free stream flow is greater, thus making the wall curvature more effective.
2. The reduced cross-passage pressure gradient delays the over turning of the inlet boundary layer (cross-flow A in figure 1) and its rolling up into the paccage vortex. The flow visualisation of figure 13 compares calculated streaklines in the near wall grid plane for the datum case (figure 13a) and the final profiled end wall (figure 13b) and shows the separation line has moved downstream for the latter.
3. The velocity and secondary kinetic energy of the over turned end wall boundary layer flows, both the inlet one (cross-flow A) and the new boundary layer formed on the end wall (cross-flow B in figure  1) , are reduced -resulting in the reduced secondary kinetic energy of the passage vortex.
4. Figure 13b shows the flow at the trailing edge, from pressure to suction side, for the profiled end wall. Its effect of reducing the (circumferentially averaged) over turning is at a cost. The two opposing flows separate from the end wall and set up a vortex rotating in the opposite direction to the passage vortex. This has its own secondary kinetic energy and is thus a 501000 of loss. This appears as the increased loss near the end wall, seen in figure 10 . 5. Figure 14 shows calculated strealclines in the 29% chord downstream plane for the planar (figure I4a) and final profiled end walls ( figure 14b ). This plot highlights the secondary flows in this plane. It shows the reduced size of the passage vortex and the presence of the new counter-rotating (comer) vortex for the final profiled end wall.
Final Comments
The final profiled end wall (figure 15) is calculated to significantly reduce secondary flow deviations. Bigger reductions would have been achievable using larger perturbation amplitudes than the (conservative) design limit of 25% of the axial chord. Although larger reductions in secondary flow deviations were achieved with combined aerofoil lean and skew, the end wall profiling does have two advantages. The first is that the mid-height exit angle and loading do not change (figure 8) -the changes in static pressures at the end wall quickly decay up the span. The second is that it may not be mechanically feasible to lean or skew the aerofoil, for instance in a cooled rotor, where end wall profiling could still be applied. End wall profiling should be easily applied to a rotor hub, although rotating shrouds will be more challenging.
The profiled end wall design was judged to be acceptable for experimental verification in the Durham cascade, despite having one unwanted feature. At the time the linear design code applied perturbations to the whole axial extent of the computational mesh. As a result the axial extents of the wall curvature are too large for practical turbomachinery blading. This was corrected after the design was completed, and future studies will be on profiles with limited axial extents of the wall curvature (equivalent to keeping within blading platform leading and trailing edges). CONCLUSIONS I. A non-axisymmetric profiled end wall has been defined for testing in the linear cascade at Durham University.
2. CFI) predicts this end wall will significantly reduce the secondary flows, and in particular exit angle deviations. Reduced secondary kinetic energy is also expected, but the overall reduction in loss is only predicted to be small.
3. The profile has been generated using a new linear design tool used here for the first time for the design of end walls. Once the 36 perturbation files have been generated, it can be used to very quickly investigate many options. Although only used in its forward mode so far, it has already helped define a profile not previously imagined. It is anticipated that in its inverse design mode it will enable even better profiles to be defined in future, in terms of reducing secondary flow and loss, by making the 2 1'd and 3"1 harmonics of wall shape available in a practical way to the designer. 4. The effects of non-axisprunetric end wall profiling are comparable with those of the existing techniques of lean and skew. Although not demonstrated here, end wall profiling can be combined with these where appropriate. An important advantage of end wall profiling is that it may be used on blading where lean and skew may not be mechanically feasible.
5. It is expected that non-axisyrnmetric end wall profiling will come to be as widely used as aerofoil lean and skew in the future. 
